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Study	 Cellulose	 Hemi‐celluloses Lignin Pectin Other	
(Garcia‐Jaldon,	
1995)	
48	 12 28 6 6	
(Vignon	et	al.,	1996)	 44	 18 28 4 3	
(Allin,	2005)	 37	 16.5 21.8 5 19.7	
(Stevulova	et	al.,	
2012)	
44.3	 27.2 22 ‐ 6.2	
(Gümüşkaya	et	al.,	
2007)	
40‐48	 18‐24 21‐24 ‐ 21‐4	
(Evrard,	2008)	 50‐60	 15‐20 20‐30 ‐ 4‐5	
(Cigasova	et	al.,	
2013)	
44.2	 30.3 24.4 ‐ 1.1	
(Magniont	and	
Escadeillas,	2017)	































































(Garcia‐Jaldon,	1995)	 ‐	 10‐40	wide Scanning	electron	microscopy	
(Ceyte,	2008)	 57%	 70‐400 3D	computer	tomography	
(Cerezo,	2005)	 78%	 ‐ Not	stated








(Nguyen	et	al.,	2016)	 78.4%	 ‐ Extrapolates	from	96	using	thermal	
conductivity	model	
(Glé	et	al.,	2012)	(1)	 50.2	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(2)	 65.9	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(3)	 59.5	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(4)	 46.9	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(5)	 42.6	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(6)	 72.8	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(7)	 66.5	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(8)	 64.9	 ‐ Extrapolated	from	sound	absorption	
(Glé	et	al.,	2012)	(9)	 60.4	 ‐ Extrapolated	from	sound	absorption	













































































































































































































































































































Tradichanvre 55‐58 10‐22 0 0	 20‐35	
(sand)	
(Hirst,	2013)	 Batichanvre 70 30 0 0	 0
(Hirst	et	al.,	2010,	
Hirst,	2013)	
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ߪ௖௢௠௣௥௘௦௜௩௘ ൌ ܣଵ. ߩ௡	 2.1	

































































































































































































































































































































































































































































































































































































Standard	 16	 36 48 2.00 284
Light	
weight	
21	 36 43 1.48 353



















































































































































































































































































ݑ௣௤௥ ൌ 	݉௣௤௥ െ ݉ଵ଴଴
௣ ݉଴ଵ଴௤ ݉଴଴ଵ௥
݉଴଴଴ 	 3.2	
̅ݔ ൌ ݉ଵ଴଴݉଴଴଴  3.3	
ݕത ൌ ݉଴ଵ଴݉଴଴଴  3.4	







	ߠ௫௬ ൌ ଵଶ ݐܽ݊ିଵ ቀ
ଶ௨భభబ
௨మబబ௨బమబቁ  3.6	
ߠ௬௭ ൌ 12 ݐܽ݊
ିଵ ൬ 2ݑ଴ଵଵݑ଴ଶ଴ݑ଴଴ଶ൰  3.7	
ߠ௭௫ ൌ 12 ݐܽ݊














































































































































































































































































































































	 Frequency	 Mass Frequency		 Mass
	 ݊	 ሺf଴ െ fଽ଴ሻ	 ݊	 ሺf଴ െ fଽ଴ሻ	 ݊	 ሺf଴ െ fଽ଴ሻ	 ݊	 ሺf଴ െ fଽ଴ሻ	
Light	weight 2.36	 17.39 2.67 21.72 2.71 30.45	 2.99	 32.97
Standard	 2.51	 19.40 3.02 24.11 2.70 33.04	 2.90	 36.23













































































































































































































































































































































































































































ܣ௣ ൌ ݊௣௫ ൈ 0.01058	 4.1










݉௣ ൌ ܣ௣ 	ൈ ݓ௣ ൈ ܿ	 4.3	
	
Where	ܿ	is	a	constant	accounting	for	the	aspect	ratio	of	depth	to	length	and	the	density	of	
the	material.	The	cumulative	mass	distribution	of	particles	for	length	 ௠ܲሺܮ ൑ ݈௡ሻ	and	
width	 ௠ܲሺܹ ൑ ݓ௡ሻ	may	then	be	found	from	Equations	4.4	and	4.5.	




∑ ܣ௜ே௜ୀଵ ݓ௜ 	 4.4	
And:	




































































































































































































	 Coarse Medium	 Fine
Mean	particle	area	(mm2) 8.81 4.81	 3.11
Mean	aspect	ratio 3.66 3.27	 3.04
Median	particle	length	(mm) 15.27 11.88	 7.54
Interquartile	range	(mm) 9.42 9.80	 5.54
Median	particle	width	(mm) 4.30 3.31	 2.47
Interquartile	range	(mm) 2.44 2.26	 1.60
Uncompact	bulk	density	(kgm‐3) 118 122	 129
Standard	deviation	 0.934 1.50	 2.07


































































































































































	 0.4 0.6 0.8
Density	 1660 1411 1327
Standard	deviation	 9.7 20.9 56.7
Hydration	ratio		 1.072 1.100 1.087
Thermal	conductivity	(Wm‐1K‐1) 0.497 0.327 0.248
Standard	deviation	 0.018 0.019 0.023
Flexural	strength	(Nmm‐2) 2.60 2.60 1.70
Standard	deviation	 0.003 0.001 0.061
Compressive	strength	(Nmm‐2) 23.1	 9.15 4.37





























































ߪி ൌ ܨ݈32ܾ݀ଶ	 4.7	
158	
	











































































ߪ஼ ൌ ܨܾ݀	 4.9	





















































































































































































݉௕ ൌ ቆ݉௕݉௣ቇ ൫݉௣൯	 4.13	





































































































































































































































































































Fine	2.2	 Fine	 1:2.2	 36	 16 48 459 666	
Medium	
1.8	
Medium	 1:1.8	 32	 17 51 407 590	
Medium	
2.2	
Medium	 1:2.2	 36	 16 48 433 628	
Medium	
2.6	
Medium	 1:2.6	 39	 15 46 470 682	
Coarse	
2.2	


































































































































































































































































































































































































































































































Mixture	Ref	 ଴݂	 ଽ݂଴	 ݊ ሺ ଴݂ െ ଽ݂଴ሻ Sum	of	least	
squares	
Fine	2.2	 17.40	 6.99	 2.03 10.42 0.273	
Medium	1.8	 19.46	 6.07	 2.10 13.40 0.199	
Medium	2.2	 17.98	 6.50	 2.13 11.48 0.121	
Medium	2.6	 17.25	 6.93	 2.08 10.32 0.091	


















shape	function,	݊,	is	observed	to	fluctuate	little	while	the	value	of	ሺ ଴݂ െ ଽ݂଴ሻ	is	found	to	
vary	more.	From	Table	4.8	there	is	a	strong	indication	that	the	value	of	ሺ ଴݂ െ ଽ݂଴ሻ	(and	
thus	the	effective	level	of	orientation	within	the	material	structure)	is	dependent	both	on	
the	binder	to	aggregate	ratio	and	the	grade	of	particles:	a	positive	correlation	between	
coarseness	of	grade	and	ሺ ଴݂ െ ଽ݂଴ሻ	is	seemingly	apparent	while	a	negative	correlation	




















































































































































































































































































































































































Cast	150	45 Cast	 150 45 433	 628
Cast	50	30	 Cast	 50 30 433	 563
Cast	50	45	 Cast	 50 45 433	 628
Cast	50	60	 Cast	 50 60 433	 693
Cast	25	45	 Cast	 25 45 433	 628















































































































































































































































































































































































































































































































































































Mixture	Ref	 f0	 f90	 n f0 ‐ f90 Sum	of	least	
squares	
Cast	150	45	 17.26	 6.90	 2.08 10.35 0.476	
Cast	50	30	 16.81	 7.08	 2.08 9.73 0.503	
Cast	50	45	 17.98	 6.50	 2.13 11.48 0.121	
Cast	50	60	 17.64	 7.21	 1.93 10.42 0.570	
Cast	25	45	 17.91	 6.81	 2.03 11.09 0.103	





























4.13.	There	is	no	obvious	correlation	between	layer	sizing	and	ሺ ଴݂ െ ଽ݂଴ሻ	indicating	this	
variable	has	limited	or	no	impact	on	the	degree	of	orientation	within	the	range	considered.	





























































































number	of	particles	per	unit	volume.	The	value	of	ሺ ଴݂ െ ଽ݂଴ሻ	found	from	the	60%	
compacted	material	is	therefore	considered	to	be	an	anomaly	and	if	ignored,	then	a	more	



















































































































































































































































































ߣ௣ଵ ൌ ߮௣ߣ௔ ൅ ൫1 െ ߮௣൯ߣ௛	 5.1	
ߣ௣ଶ ൌ ൬
߮௣

































































ߩ௕ ൌ 1290ሺܽ௕ሻି଴.ଶ଺	 5.3	
ߣ௕ ൌ 0.20ሺܽ௕ሻିଵ.଴଴  5.4	
ߪ௕஼ ൌ 2.61ሺܽ௕ሻିଶ.ସ଴  5.5	

































Solid/Air	 283	 0.154 0 0	
Hemp	particle	
secondary	axis	
Solid/Air	 283	 0.101 0 0	
























ߩ௖௨௡௖௢௠௣௔௖௧ ൌ ܽ ቆ
݉௕

















































ߩ௖ ൌ 	݉௔ ൅ ݉௦ݒ௖ ൌ ݒ௔ߩ௔ ൅ ݒ௦ߩ௦  5.11	




ߩ௕ ൈ ሺ1 െ ݒ௔ሻ




ݒ௣ ൌ 1 െ ݒ௔























	 Binder	 Aggregate Water
Fine	2.2	 0.355	 0.161 0.484 3.04 1.45 360 363	 0.90
Medium	1.8	 0.321	 0.179 0.500 3.27 1.45 309 312	 0.85
Medium	2.2	
/	cast	50	45	
0.355	 0.161 0.484 3.27 1.45 346 345	 ‐0.27
Medium	2.6	 0.382	 0.147 0.471 3.27 1.45 382 374	 ‐2.14
Coarse	2.2	 0.355	 0.161 0.484 3.66 1.45 323 326	 1.06
Cast	150	45	 0.355	 0.161 0.484 3.27 1.45 346 345	 ‐0.27
Cast	50	30	 0.355	 0.161 0.484 3.27 1.30 310 311	 0.28
Cast	50	60	 0.355	 0.161 0.484 3.27 1.60 382 374	 ‐2.06







ߩ௦        
(kgm‐3) 
ݒ௔               
(inter	particle) 
ݒ௕  ݒ௣ 
Fine	2.2 360	 2.2 932 0.612 0.162	 0.226
Medium	1.8	 309	 1.8 883 0.647 0.130	 0.222
Medium	2.2/	cast	
50	45	
346	 2.2 932 0.630 0.154	 0.215
Medium	2.6	 382	 2.6 975 0.617 0.176	 0.207
Coarse	2.2 323	 2.2 932 0.652 0.145	 0.203
Cast	150	45	 346	 2.2 932 0.631 0.154	 0.215
Cast	50	30 310	 2.2 932 0.667 0.139	 0.194
Cast	50	60 382	 2.2 932 0.599 0.167	 0.233




















ݒ௣ଶ ൌ ݒ௣ ൈ ܨሺ ଴݂ െ ଽ݂଴ሻ	 5.15	
ݒ௣ଵ ൌ ݒ௣൫1 െ ܨሺ ଴݂ െ ଽ݂଴ሻ൯  5.16	
	
The	degree	of	orientation,	ሺ ଴݂ െ ଽ݂଴ሻ,	so	far	has	been	measured	and	so	is	not	an	intrinsic	
design	parameter	of	specifying	the	material	although	it	is	known	through	the	experimental	
phase	to	be	a	function	of	the	variables	of	particle	aspect	ratio,	binder	to	aggregate	ratio	
and	compaction.	If	it	is	assumed	that	ሺ ଴݂ െ ଽ݂଴ሻ	follows	a	linear	relation	to	these	variables	
and	that	they	are	independent,	as	was	done	with	un‐compacted	density,	then	using	the	
same	approach	an	empirical	estimation	of	ሺ ଴݂ െ ଽ݂଴ሻ	is	found	for	the	aggregates	and	binder	
used	in	this	study	from	Equation	5.17.	
଴݂ െ ଽ݂଴ ൌ 3.50߶ ൅ 11.7ܥ െ 3.85 ቆ݉௕݉௣ቇ െ 8.46	 5.17	
	











Table	5.4:	Modelled	and	measured	values	of	ሺ ଴݂ െ ଽ݂଴ሻ	of	various	hemp‐lime	variations.	
Mix	 ݉௕
݉௣ 
߶௣ ܥ Modelled 				
ሺ ଴݂ െ ଽ݂଴ሻ	
Actual						
ሺ ଴݂ െ ଽ݂଴ሻ	
Difference
(%)	
Fine	2.2 2.2	 3.04 1.45 10.68 10.42	 2.5
Medium	1.8	 1.8	 3.27 1.45 13.02 13.4	 ‐3.8
Medium	2.2/	cast	
50	45	
2.2	 3.27 1.45 11.48 11.48	 0.00
Medium	2.6	 2.6	 3.27 1.45 9.94 10.32	 ‐3.8
Coarse	2.2 2.2	 3.66 1.45 12.85 12.63	 2.1
Cast	150	45	 2.2	 3.27 1.45 11.48 10.35	 11.3
Cast	50	30 2.2	 3.27 1.30 9.73 9.73	 0.00
Cast	50	60 2.2	 3.27 1.60 13.24 10.42	 28.2
Cast	25	45 2.2	 3.27 1.45 11.48 11.09	 3.9
	
From	Equations	5.15	and	5.16,	if	it	is	assumed	that,	when	the	degree	of	material	




the	axis	of	applied	compression.	If	a	function	of	ሺ ଴݂ െ ଽ݂଴ሻ	is	defined	to	give	the	proportion	
of	particles	with	their	secondary	axis	tending	towards	the	direction	of	compaction	then	
Equation	5.18	defines	a	limiting	case.	
଴݂ െ ଽ݂଴ → 0	




values	represent	the	true	orientation	of	the	particles	then	ܨ௕ሺ ଴݂ െ ଽ݂଴ሻ	will	tend	to	½	when	
ሺ ଴݂ െ ଽ݂଴ሻ	tends	to	zero.	Equations	5.15	and	5.16,	may	be	rewritten	for	the	axis	parallel	to	
applied	compaction	so	as	to	satisfy	Equation	5.18	to	give	Equations	5.19	and	5.20.	







ݒ௣ଵ∣∣ ൌ ݒ௣ ൬
2









ݒ௣ଵୄ ൌ ݒ௣ ൬ܨ௕ሺ ଴݂ െ ଽ݂଴ሻ 13 ൅
1
6൰	 5.21	











and	 ଽ݂଴	may	be	written	in	terms	of	ሺ ଴݂ െ ଽ݂଴ሻ,	Equations	5.23	and	5.24.	
଴݂ ൌ 11.1 ൅
ሺ ଴݂ െ ଽ݂଴ሻ
2 	 5.23	
ଽ݂଴ ൌ 11.1 െ





ܨ௕ሺ ଴݂ െ ଽ݂଴ሻ ൌ 45ଶ ቆ
ሺ ଴݂ െ ଽ݂଴ሻ
4 ቇ ൅ 45ቆ11.1 ൅























































ݏ ൌ ܨ ቆ߶௣,݉௕,
ݒ௣ଵ





































ߣ௖∣∣ ൌ 	 1ݏఒ∣∣
ߣୄ∣∣














































ݏఒୄ ൌ െ53.17 ቆ
ݒ௣ଵ
ݒ௣ ቇ െ 11.69݉௕ ൅ 2.39ܥ ൅ 0.63߶௣ ൅ 18.77	 5.32	
ݏఒ∣∣ ൌ 26.86 ቆ
ݒ௣ଵ





























	 ݏఒ∣∣	 ݏఒୄ 	 ݏఒ∣∣	 ݏఒୄ 	 ߣ௖∣∣  ߣ௖ୄ   ߣ௖∣∣  ߣ௖ୄ  
Fine	2.2	 0.275	 0.128	 0.259 0.143 0.085 0.104 0.087	 0.102	
Medium	1.8	 0.366	 0.212	 0.366 0.211 0.071 0.085 0.071	 0.085	
Medium	2.2/	
Cast	50	45	
0.234	 0.118	 0.236 0.128 0.087 0.102 0.086	 0.101	
Medium	2.6	 0.182	 0.112	 0.183 0.112 0.098 0.109 0.098	 0.109	
Coarse	2.2	 0.206	 0.093	 0.197 0.102 0.085 0.100 0.086	 0.099	
Cast	150	45	 N/A	 0.149	 N/A 0.128 N/A 0.098 N/A	 0.101	
Cast	50	30	 0.194	 0.127	 0.206 0.120 0.084 0.093 0.083	 0.094	
Cast	50	60	 0.254	 0.142	 0.266 0.136 0.092 0.107 0.090	 0.108	






























































































































ߪ஼ୄ ൌ 0	 5.38	



































ݏ஼∣∣ ൌ 3.12 ൭
ݒ௣ଶ∣∣





















ݏ஼ୄ ൌ െ5.74 ቆ
ݒ௣ଵୄ
ݒ௣ ቇ െ 3.67݉௕∗ െ 0.11ܥ ൅ 0.02൫ܫܴܳ௣൯ ൅ 4.30	 5.41	




















	 ݏ஼∣∣	 ݏ஼ୄ 	 ݏ஼∣∣	 ݏ஼ୄ 	 ߪ஼௖∣∣   ߪ஼௖ୄ   ߪ஼௖∣∣   ߪ஼௖ୄ  
Fine	2.2	 0.815	 0.783	 0.815 0.784 0.416 0.488 0.416	 0.487	
Medium	1.8	 0.884	 0.924	 0.880 0.924 0.209 0.138 0.217	 0.138	
Medium	2.2/	
cast	50	45	
0.854	 0.851	 0.846 0.834 0.317 0.323 0.333	 0.359	
Medium	2.6	 0.829	 0.877	 0.824 0.867 0.428 0.308 0.442	 0.333	
Coarse	2.2	 0.811	 0.809	 0.809 0.799 0.382 0.385 0.384	 0.406	
Cast	150	45	 0.838	 0.824	 0.846 0.834 0.350 0.380 0.333	 0.359	
Cast	50	30	 0.875	 0.891	 0.873 0.889 0.242 0.211 0.246	 0.215	
Cast	50	60	 0.820	 0.782	 0.818 0.779 0.429 0.520 0.433	 0.526	






















































































































ߪி௖∣∣ ൌ 	 ൫1 െ ݏி∣∣൯ߪி∣∣∣∣ ൅ ݏி∣∣ߪிୄ∣∣ 	 5.43	














ߪிୄ ൌ 0	 5.47	


































ݒ௣ ൱ െ 17.30݉௕ ൅ 1.68ܥ ൅ 0.07൫ܫܴܳ௣൯ ൅ 26.80	 5.49	
ݏிୄ ൌ െ73.26൭
ݒ௣ଶ∣∣




































	 ݏி∣∣	 ݏிୄ 	 ݏி∣∣	 ݏிୄ 	 ߪி௖∣∣   ߪி௖ୄ   ߪி௖∣∣   ߪி௖ୄ 
Fine	2.2	 0.176	 0.109 0.176 0.111 0.268 0.289	 0.267 0.289
Medium	1.8	 0.522	 0.610 0.488 0.519 0.125 0.102	 0.134 0.126
Medium	2.2/	
cast	50	45	
0.284	 0.325 0.270 0.310 0.224 0.211	 0.228 0.215
Medium	2.6	 0.192	 0.319 0.152 0.210 0.292 0.247	 0.307 0.286
Coarse	2.2	 ‐0.069	 ‐0.084 ‐0.0746 ‐0.103 0.311 0.315	 0.313 0.321
Cast	150	45	 0.262	 0.307 0.270 0.310 0.230 0.216	 0.228 0.215
Cast	50	30	 0.436	 0.477 0.428 0.484 0.158 0.146	 0.160 0.144
Cast	50	60	 0.119	 0.129 0.112 0.136 0.303 0.300	 0.306 0.298


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































F	2.2	 Fine	 2.2	:	1	 16%	/	36%	/	48%	 459	 666	
422	
M	1.8	 Medium	 1.8	:	1	 17%/	32%/	51%	 407	 590	
374	
M	2.2	 Medium	 2.2	:	1	 16%	/	36%	/	48%	 433	 628	
406	






































































Fine	 129	 7.54	 2.47	 5.54	 1.60	 3.04	
Medium	 122	 11.88	 3.31	 9.80	 2.26	 3.27	
Coarse	 119	 15.27	 4.30	 9.42	 2.44	 3.66	
	
2.3	Physical	testing		
Flexural	tests	were	conducted	at	28	days	after	casting	by	means	of	a	three	point	
bending	test	over	a	span	of	300mm.Tests	were	conducted	at	a	constant	displacement	of	
3mm	per	minute	on	an	Instron	50KN	testing	frame	with	inbuilt	instrumentation	and	
large	diameter	dowel	supports	were	used	to	minimise	any	local	crushing,	figure	2.	Each	
variation	was	tested	in	two	directions:	the	load	applied	parallel	to	the	direction	of	
casting	force	and	with	the	load	applied	perpendicular	to	the	direction	of	casting	force	
by	rotating	the	specimen	90°	about	the	major	axis,	figure	2.	All	data	were	collected	
using	inbuilt	instrumentation	at	a	sampling	rate	of	10Hz.	Each	test	was	repeated	three	
times.		
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Figure	2	Flexural	and	compressive	testing	setup	
Compressive	tests	were	conducted	immediately	following	the	flexural	tests	at	to	
provide	28	day	values	in	both	cases.	One	half	of	the	specimen	was	reduced	to	a	150mm	
cube	prior	to	testing	by	using	a	band	saw	fitted	with	a	fine	blade	to	minimise	damage.	
All	the	tests	were	carried	out	on	an	Intron	50KN	testing	frame	using	the	same	test	
parameters	and	in	the	same	loading	direction	as	the	flexural	tests,	figure	2	and	3.	As	the	
compressive	failure	modes	of	the	material	are	known	to	be	different	in	the	differing	
testing	directions,	a	parameter	that	is	universally	applicable	to	both	conditions	is	
required	in	order	to	compare	the	results.	In	this	case	failure	of	the	material	is	
considered	to	occur	at	a	point	of	rupture,	defined	as	when	the	instantaneous	stiffness	
falls	to	25%	of	its	recorded	maximum	based	on	a	20	point	moving	average.	All	
mechanical	tests	were	conducted	in	triplicate	with	the	presented	results	being	the	
mean	value.	
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Figure	3	The	mechanical	and	thermal	loading	arrangements	with	respects	to	casting	
compaction	for	parallel	loaded	specimens	left	and	perpendicular	loaded	specimens	
right	
Thermal	conductivity	tests	were	conducted	after	a	minimum	of	28	days	and	after	oven	
drying	of	the	specimens	at	105°	for	48	hours.	All	tests	were	conducted	using	a	Fox	600	
heat	flow	meter	at	a	temperature	gradient	of	10‐30°C	and	in	the	orientations	indicated	
in	figure	3.	The	specimens	were	wrapped	in	a	single	layer	of	Clingfilm	to	protect	the	
machine	and	limit	moisture	incursion.		
2.4	Image	analysis	of	internal	structure	
Two	dimensional	image	analysis	of	the	internal	structure	was	conducted	on	150mm	
square	slices	taken	from	each	of	the	flexural	specimens	after	testing.	The	method	used	
was	developed	in	previous	work	by	the	authors	and	fully	detailed	elsewhere	[22].	Six	
slices	were	produced	in	each	case	in	planes	perpendicular	to	the	direction	of	
compressive	loading,	(figure	2).	The	slices	were	encased	in	a	blue	casting	resin	prior	to	
being	sanded	to	reveal	a	cross	section	for	analysis.	The	resin	has	the	effect	of	both	
stabilising	the	face,	that	may	be	fragile,	as	well	as	improving	the	contrast	of	voids	in	the	
images.	Imaging	was	conducted	of	the	cross	sections	using	a	flatbed	scanner	at	a	
resolution	of	1200dpi	providing	a	pixel	size	of	0.0213mm	square.	
Enhancement	and	analysis	of	the	images	was	conducted	in	several	stages	using	the	
software	ImageJ.	A	10px	median	filter	was	first	applied	to	all	images	to	remove	noise	
and	smooth	outlying	pixels	by	replacing	each	pixel	with	the	median	value	of	those	
within	the	specified	radius,	the	selection	of	which	was	based	on	previous	work.	
Following	this,	a	series	of	colour	threshold	filters	were	used	to	produce	binary	images	
of	the	air,	binder	and	aggregate	and	measure	their	perspective	proportions	visible	at	
this	scale.	To	assess	orientation,	the	binary	images	of	the	aggregates	were	enhanced	
with	three	iterations	of	a	binary	opening	algorithm	to	help	segregate	adjacent	particles	
and	analysed	using	the	inbuilt	particle	analysis	tool.	The	particle	analysis	tool	identifies	
and	measures	the	discrete	binary	objects	visible	within	an	image,	including	the	length,	
width	and	orientation	of	a	fitted	ellipse	of	the	same	second	moments	and	area.	To	
provide	an	indication	of	the	overall	orientation	of	the	material,	orientations	of	each	
particle	for	the	full	population	of	all	6	images	were	combined	into	a	frequency	
distribution.	Based	on	preceding	work	where	a	sensitivity	study	into	the	impact	of	the	
processing	was	conducted,	the	process	was	controlled	with	values	used	based	on	the	
proceeding	study.	
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3.	Results	
3.1	The	impact	of	binder	content	
The	compressive	rupture	stress,	flexural	strength,	thermal	conductivity	and	particle	
orientation	distribution	for	specimens	tested	with	differing	binder	ratios	are	presented	
in	figure	4	a,	b,	c	and	d	respectively.		
In	the	parallel	direction	of	loading	a	strong	positive	correlation	is	observed	between	
binder	content	and	the	three	assessed	properties:	compressive	rupture	stress,	peak	
flexural	stress	and	thermal	conductivity.	In	each	of	these	cases	the	impact	of	the	binder	
ratio	was	found	to	be	of	greater	magnitude	compared	to	the	natural	variation	found	in	
similar	specimens	indicating	the	significance	of	the	hemp	to	binder	ratio	in	determining	
these	properties	in	this	direction.	These	findings	are	in	agreement	with	the	previous	
findings	of	others	who	also	observed	a	similar	correlation	for	tests	in	this	direction	[4,	
16‐18].	
In	the	perpendicular	direction	of	loading,	a	positive	correlation	to	binder	content	is	
again	seen	for	flexural	strength	and	thermal	conductivity.	The	compressive	rupture	
stress	is	also	seen	to	have	a	positive	correlation	to	binder	ratio	between	the	ratios	of	
1:1.8	and	1:2.2	however	it	is	not	observed	for	the	higher	1:2.6	binder	ratio	where	there	
is	no	significant	difference	from	1:2.2	and	a	perception	of	a	slight	decrease.	In	all	the	
results	a	clear	and	significant	difference	can	be	seen	in	all	three	properties	between	the	
loading	directions,	which	is	in	line	with	results	of	others	[26‐28].	There	are	no	known	
existing	studies	that	consider	directly	the	impact	of	hemp	to	binder	ratio	on	
perpendicular	performance	of	the	material	for	these	results	to	be	compared	to.	
It	is	observed	that	the	distributions	of	particle	orientations	in	these	two	directions	are	
of	noticeably	differing	form:	an	even	distribution	imaged	in	the	parallel	direction	
compared	to	a	swayed	distribution	imaged	in	the	perpendicular	direction.	The	material	
may	be	considered	to	have	no	preferential	orientation	in	planes	perpendicular	to	initial	
casting	compaction	and	orientated	in	parallel	planes.	In	the	perpendicular	direction	
this	sway	of	orientation	is	observed	to	be	greatest	in	the	low	binder	ratio	specimens	
compared	to	the	higher	binder	ratio	specimens.	The	degree	of	orientation	therefore	
appears	to	be	inversely	proportional	to	binder	content	however	the	trend	is	only	slight	
and	may	not	be	significant	in	the	reflection	of	the	natural	variance	observed	in	the	
parallel	direction	imaging.		
Figure	5	presents	the	average	stress	strain	plots	from	the	three	specimens	of	material	
tested	of	each	binder	ratio	in	both	parallel	and	perpendicular	compression	and	flexure.	
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Figure	5	reiterates	many	of	the	findings	observed	in	figure	4	but	gives	additional	
insight	into	the	failure	modes	exhibited.	It	is	noted	that	in	compression	the	failure	
mode	occurring	in	loading	parallel	to	the	casting	compaction	is	of	a	change	in	stiffness	
and	high	ductility	associated	with	the	failure	of	the	binder	structure	and	subsequent	
densification	of	the	material.	In	the	perpendicular	direction	of	loading	the	failure	mode	
is	more	brittle	with	a	clearly	defined	peak.	In	flexure	it	is	noticed	that	the	direction	of	
loading	has	little	to	no	bearing	on	the	failure	mode	or	stiffness	however	the	form	of	the	
plots	do	imply	that	binder	ratio	may	have	an	impact	on	both	the	compressive	and	
flexural	stiffness.	
a) b)
c) d)
Figure	4	the	influence	of	binder	ratio	on	the	compressive	rupture	stress	(top	left),	
flexural	strength	(top	right),	thermal	conductivity	(bottom	left)	and	distribution	of	
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particle	orientation	(bottom	right)	obtained	from	testing/imaging	parallel	and	
perpendicular	to	casting	compaction,	blue	and	red	respectively.	
		 		
Figure	5	the	average	stress	strain	plots	of	three	specimens	tested	in	compression	(left)	
and	flexure	(right)	made	with	three	binder	to	hemp	ratios	of	1	:	1.8	(dotted),	1	:	2.2	
(dashed)	and	1	:	2.6	(solid).	Results	are	presented	for	both	parallel	loading	(blue)	and	
perpendicular	loading	(red)	with	respects	to	casting	compaction.	
3.2	The	impact	of	particle	size	distribution		
The	compressive	rupture	stress,	flexural	strength,	thermal	conductivity	and	particle	
orientation	distribution	for	specimens	tested	with	differing	grades	of	hemp	shiv	are	
presented	in	figure	6	a,	b,	c	and	d	respectively.		
In	both	the	perpendicular	and	parallel	directions	there	is	no	correlation	between	the	
particle	size	of	hemp	aggregates	and	either	the	compressive	rupture	stress,	flexural	
strength	or	thermal	conductivity.	Previous	studies,	often	considering	only	two	grades	
of	aggregate,	have	found	both	a	positive	and	negative	correlation	between	particle	sizes	
and	various	physical	properties	and	so	in	this	respect	the	results	can	be	seen	to	broadly	
be	in	line	with	previous	work.	There	is	however	still	a	distinct	and	significant	difference	
in	both	the	compressive	rupture	strength	and	flexural	strength	obtained	from	differing	
grades	of	aggregate	used:	the	medium	grade	is	observed	to	consistently	have	both	the	
lowest	compressive	rupture	strength	and	flexural	strength	in	both	testing	directions.	
The	thermal	conductivity	in	the	perpendicular	direction	was	found	to	be	approximately	
20%	higher	than	in	the	parallel	direction	but	again	this	is	independent	of	grade	of	
aggregate.		
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For	all	grades	considered,	the	particle	orientation	distribution	is	again	observed	to	be	
even	imaged	in	the	parallel	to	compaction	direction	and	swayed	in	the	perpendicular	
orientation.	In	the	perpendicular	orientation	the	sway	of	the	distribution	is	found	most	
pronounced	in	the	coarse	grade	and	least	in	the	fine	grade	indicating	a	possible	
correlation	between	shiv	grade	and	degree	of	particle	orientation	in	the	material.	
Figure	7	presents	the	average	stress	strain	plots	from	the	three	specimens	of	material	
tested	of	shiv	grade	in	both	parallel	and	perpendicular	compression	and	flexure.	From	
figure	7	the	same	difference	in	failure	mode	between	parallel	and	perpendicular	
compressive	loading	is	noticed	as	in	figure	5	indicating	that	this	may	be	independent	of	
both	constituent	ratio	and	particle	size	distribution;	again	the	failure	mode	in	flexure	is	
observed	to	be	consistent	in	both	directions	of	loading.	It	can	be	inferred	from	figure	7,	
as	was	observed	in	figure	5,	that	the	material	has	a	greater	stiffness	when	loaded	
perpendicular	to	initial	casting	compaction,	both	in	flexure	and	in	compression.	In	
compression	it	appears	that	the	fine	grade	of	shiv	provides	the	highest	stiffness	
although	in	general	the	grade	of	shiv	seems	to	have	limited	correlation	to	this	property.	
In	flexure	it	is	observed	that	the	medium	grade	of	shiv	provided	the	lowest	stiffness	as	
well	as	strength	and	a	general	trend	between	stiffness	and	strength	seems	to	occur.		
a) b)
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c) d)
Figure	6	the	influence	of	shiv	grade	on	the	compressive	rupture	stress	(top	left),	
flexural	strength	(top	right),	thermal	conductivity	(bottom	left)	and	distribution	of	
particle	orientation	(bottom	right)	obtained	from	testing/imaging	in	parallel	and	
perpendicular	to	casting	compaction,	blue	and	red	respectively.	
		 		
Figure	7	the	average	stress	strain	plots	of	three	specimens	tested	in	compression	(left)	
and	flexure	(right)	made	with	three	shiv	grades	fine	(dotted),	medium	(dashed)	and	
coarse	(solid).	Results	are	presented	for	both	parallel	loading	(blue)	and	perpendicular	
loading	(red)	with	respects	to	casting	compaction.	
4.	Discussion	
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In	the	imaging	parallel	to	the	direction	of	casting	compaction,	the	particle	orientation	
distribution	was	consistently	found	to	be	even	across	all	variations	of	binder	content	
and	hemp	grade.	In	contrast,	in	the	perpendicular	direction	the	distribution	was	
consistently	found	to	be	swayed	towards	a	horizontal	alignment.	This	is	attributed	to	
the	compaction	applied	during	the	casting	process	directing	the	elongated	particles	of	
hemp	towards	stratified	planes	transverse	to	compaction.	This	observation	is	in	line	
with	previous	work	and	also	indicated	that	the	process	occurs	irrespective	of	binder	
content	or	aggregate	grade.	It	can	be	assumed	that	all	observations	of	anisotropic	
properties,	present	across	all	specimens,	are	as	a	result	of	this	orientated	structure.	
The	degree	of	orientation	can	be	assessed	by	how	prominent	the	curve	of	the	graph	is	
for	the	particle	orientation	distribution	in	the	perpendicular	to	compaction	imaging	
direction.	In	the	case	of	binder	content	an	increasing	ratio	of	binder	is	observed	to	
seemingly	reduce	the	level	of	particle	orientation.	It	is	questionable	however	if	this	
trend	is	significant	or	just	natural	variation,	the	extent	of	which	may	be	indicated	in	the	
results	from	parallel	imaging.	In	addition	there	are	limited	explanations	for	such	an	
occurrence,	the	most	probable	being	an	increased	binder	content	increasing	the	
separation	between	particles	and	limiting	the	effect	of	compaction	in	rotating	them.	
In	the	case	of	aggregate	grade,	a	finer	grade	was	found	to	also	produce	a	perceived	
reduction	in	the	level	of	particle	orientation.	It	can	be	seen,	(table	1),	that	the	mean	
aspect	ratio	of	the	shiv	particles	is	also	a	product	of	the	shiv	grade	and	thus	a	finer	
grade	can	be	considered	to	produce	not	only	smaller	particles	but	also	more	rounded	
ones.	This	reduction	of	the	aspect	ratio	is	almost	certainly	likely	to	lessen	the	extent	to	
which	particles	are	rotated	under	compaction	and	thus	offers	explanation	of	the	
perceived	lower	degree	of	orientation.	
In	all	cases	the	anisotropic	internal	structure	of	the	material	accounts	for	the	clear	
variation	in	both	mechanical	and	thermal	properties	of	the	material	with	testing	
direction.	This	is	found	to	be	most	consistent	in	the	thermal	conductivity	with	a	
significantly	lower	thermal	conductivity	for	all	variations	of	hemp‐lime	in	the	parallel	
loading	direction.	As	the	thermal	conductivity	is	arguably	the	most	important	property	
out	of	those	studied,	it	can	clearly	be	seen	from	these	results	that	it	is	advantageous	to	
have	compaction	in	the	same	direction	as	thermal	loading.	Traditional	vertical	casting	
processes	are	therefore	not	advantageous	in	this	respect	while	pre‐casting	in	a	
perpendicular	direction	offers	a	likely	benefit.	
In	the	parallel	direction,	the	impact	of	binder	ratio	on	the	thermal	conductivity	and	
both	the	compressive	rupture	stress	and	flexural	strength	can	be	considered	in‐line	
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with	previous	studies:	an	increased	proportion	of	binder	enhancing	the	structural	
skeleton	of	the	material	but	providing	a	global	densification	and	increase	in	thermal	
conductivity.	In	the	perpendicular	direction	it	is	logical	to	expect	a	similar	trend	
between	increasing	binder	content	and	an	enhancement	of	physical	properties,	and	
indeed	this	is	observed	for	the	thermal	conductivity.	For	the	flexural	strength	and	
compressive	strength	a	similar	pattern	is	observed	in	increasing	the	binder	content	
from	1:1.8	to	1:2.2	however	it	is	not	possible	to	extrapolate	these	results.	An	additional	
increase	to	1:2.6	is	found	to	have	a	lower	than	expected	improvement	in	flexural	
strength,	compared	to	the	parallel	direction,	and	a	negligible	impact	on	compressive	
rupture	strength.	It	is	likely	that	at	very	high	binder	contents	the	behaviour	will	tend	to	
reflect	that	of	the	binder	in	all	directions	indicating	that	sensitivity	to	orientation	
plateaus.	
As	particles	of	hemp	are	generally	elongated	in	line	with	the	stem	of	the	plant,	their	
porous	structure	and	mechanical	properties	will	also	be	aligned.	Hemp	particles	and	
indeed	most	bio‐aggregates	could	then	be	considered	isotropic	themselves	with	a	
greater	stiffness	along	the	main	axis.	Parallel	to	compaction	compressive	loading	hemp‐
lime	can	thus	be	considered	as	transfer	through	the	binder	skeleton,	the	hemp	particles	
offering	limited	contribution	along	their	highly	compressible	secondary	axis.	This	
rupture	limit	would	be	dependent	on	the	quantity	of	binder	alone.	In	contrast,	in	the	
perpendicular	direction,	load	is	likely	to	be	transferred	in	a	more	composite	action,	
utilising	the	stiffer	axis	of	the	particles.	Rupture	in	this	case	can	be	attributed	to	a	
failure	of	bond	between	the	particles	and	the	binder	allowing	localised	rotational	or	
sheering	failure.	As	the	available	surface	area	of	the	hemp	particles	is	limited,	an	
increase	to	the	binder	content	once	the	surface	is	fully	utilised	would	have	a	negligible	
impact	on	the	compressive	strength.	Such	a	differing	behavioural	model	may	then	
explain	the	apparently	differing	impact	of	binder	content	in	the	different	loading	
directions.	
The	impact	of	particle	size	distribution	on	the	thermal	conductivity	can	be	seen	from	
figure	6	to	be	negligible	in	both	directions.	The	density	of	the	specimens	produced	with	
differing	particle	size	distributions	were	mostly	consistent,	(table	2),	and	so	the	total	
porosity	may	be	assumed	to	be	similar	and	account	for	this.		
The	mechanical	tests	conducted	on	material	of	differing	particle	size	distributions	show	
a	general	correlation	between	flexural	rupture	stress	and	compressive	rupture	stress	
although	no	clear	trend	between	median	particle	size	and	the	mechanical	properties.	
This	is	consistent	with	the	mixed	results	found	within	the	literature	that	report	in	
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separate	studies	increasing	coarseness	having	a	positive	and	negative	impact	on	
mechanical	properties.		
The	properties	of	hemp‐lime	and	other	bio‐aggregate	composites	are	often	presented	
with	respect	to	weight	of	material	as	it	is	a	general	trend	observed	widely	in	the	
literature	that	mechanical	resistance	as	well	as	thermal	conductivity	increase	with	
density.	Figure	8	plots	the	results	from	both	mechanical	tests	and	the	thermal	
conductivity	test	against	material	average	dry	density	values.	Lines	of	best	fit	added	to	
the	data	confirm	the	positive	correlation	between	the	properties	mentioned	and	
density	that	is	in	line	with	results	elsewhere	in	the	literature.	
In	general	the	binder	ratio	is	found	to	fit	closely	to	the	line	of	best	fit	in	all	cases,	figure	
8,	in	both	parallel	and	perpendicular	measurements	with	the	exception	of	
perpendicular	loading.	This	is	indicative	of	the	observed	increases	in	these	properties	
being	broadly	associated	to	the	increase	in	density	of	the	material	and	thus	effective	
structure	as	well	as	the	previously	discussed	consideration	that	the	perpendicular	
compressive	strength	exhibits	a	plateau	as	a	certain	binder	content	due	to	the	
mechanism	of	load	transfer	in	the	material.	
The	grading	of	the	particle	size	is	seen	from	figure	8	to	have	a	more	complex	relation	to	
density	and	to	other	physical	properties.	It	is	noticeable	that	the	coarse	aggregate	is	
consistently	producing	stronger	and	more	thermally	conductive	material	than	would	
be	obtained	at	a	similar	density	produced	using	the	medium	aggregate	and	a	lower	
ratio	of	binder.	This	may	be	attributed	to	the	larger	aggregates	providing	a	more	direct	
thermal	path	and	continuous	loading	path.	The	coarse	particles	produced	a	naturally	
less	dense	material	while	the	fine	grade	of	shiv	a	naturally	more	dense	material.	This	
might	be	accounted	for	by	the	improved	natural	packing	of	particles	with	a	lower	
average	aspect	ratio.	When	considered	against	the	line	of	best	fit,	the	fine	grade	of	shiv	
gives	no	obvious	benefit	in	terms	of	mechanical	behaviour	and	so	the	observed	benefits	
found	in	figure	5	can	be	attributed	to	the	increase	in	density.	Conversely	it	may	also	be	
noted	that	finer	particles	might	give	a	lower	thermal	conductivity	than	may	be	expected	
for	equivalent	density	material	with	a	medium	grade	of	shiv	and	higher	binder	content.	
This	is	likely	attributed	to	the	inverse	of	the	coarser	particles	providing	higher	thermal	
conductivity	suggesting	a	link	between	thermal	conductivity	and	average	particle	size.		
From	table	2	and	figure	1	it	is	not	obviously	apparent	what	aspect	of	the	coarse	grade	
of	shiv	might	account	for	the	seeming	mechanical	over	performance.	What	is	
considered	likely	in	light	of	these	results	is	that	a	combination	of	factors	inherent	to	the	
particle	size	distribution	combine	to	determine	the	impact	on	mechanical	performance.	
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It	is	considered	likely	that	this	will	include	the	mean	length	of	particles,	mean	aspect	
ratio	of	particles	and	spread	of	distribution.	Further	study	where	such	variables	are	
isolated	and	assessed	is	required	to	establish	this	and	could	lead	to	easily	obtainable	
performance	increases.	
A	possible	limitation	of	the	presented	results	is	the	omission	of	testing	at	other	material	
ages	beyond	28	days.	It	is	known	that	hemp‐lime	can	continue	to	develop	strength	past	
28	days	due	to	the	continued	carbonation	of	the	lime	binder	although	this	has	been	
shown	to	vary	in	magnitude	according	to	the	binder	and	conditions	of	material	storage.	
It	has	been	previously	suggested	in	other	studies	that	the	particle	size	distribution	may	
alter	the	permeation	of	carbon	dioxide	into	the	materials	and	thus	alter	the	rate	of	
carbonation.	In	this	particular	case,	in	light	of	the	binder	being	known	to	have	a	
significant	hydraulic	set	and	being	comparable	to	some	other	previously	studied	
binders,	the	potential	strength	gains	through	ongoing	carbonation	are	considered	likely	
to	be	negligible;	the	results	are	therefore	considered	likely	to	be	applicable	to	materials	
tested	at	greater	ages.	It	is	not	clear	and	indeed	unlikely	that	this	would	be	replicated	
for	pure	lime	binders	and	further	work	on	the	combined	impact	of	aging	and	particle	
size	distribution	would	be	a	useful	topic	for	future	study.		
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Figure	8	the	compressive	rupture	strength	(blue	solid	line),	flexural	strength	(red	
dashed	line)	and	thermal	conductivity	(green	dotted	line)	plotted	against	dry	density	
for	parallel	and	perpendicular	load	to	casting	compaction,	top	and	bottom	respectively.	
5.	Conclusion	
Compressive	and	flexural	tests	were	carried	out	on	hemp‐lime	specimens	produced	
with	a	range	of	hemp	to	binder	ratios	and	particle	size	distributions.	In	all	cases	the	
internal	structure	of	the	material	was	also	assessed	by	means	of	two	dimensional	image	
analysis.	A	general	anisotropy	was	observed	in	all	the	specimens	by	means	of	this	
method	indicating	the	production	process	used	imparts	a	preferential	direction	to	the	
particle	and	thus	structure	of	the	material.	The	results	further	indicate	that	the	degree	
of	orientation	may	be	linked	to	both	the	particle	size	distribution	and	the	aggregate	to	
binder	ratio.	Given	that	most	bio‐aggregates	have	a	similar	elongated	form	to	hemp	
particles,	the	trends	identified	in	this	respect	are	considered	likely	to	be	repeated	
across	other	bio‐aggregates	and	merits	additional	investigation.		
Increasing	the	binder	ratio	was,	as	expected,	found	to	increase	the	thermal	conductivity	
globally	as	well	as	the	flexural	strength	in	both	the	perpendicular	and	parallel	
directions,	attributed	to	an	increase	of	the	stiffer,	denser	and	more	thermally	
conductive	component.	The	compressive	strength	was	observed	to	follow	this	trend	in	
the	parallel	direction	however	in	the	perpendicular	direction	the	beneficial	effect	of	the	
binder	was	seen	to	plateau	above	a	hemp	to	binder	ratio	of	1:2.2.	This	is	considered	to	
be	a	result	of	a	different	load	transfer	mechanism	in	this	direction.	This	finding	has	
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implications	for	both	manufacturers	as	well	as	future	research	as	most	behavioural	
models	and	rules	of	thumb	assume	isotropic	impacts	of	binder	content.		
Where	previous	studies	have	provided	contradictory	results	as	to	how	the	particle	size	
influences	the	mechanical	properties	of	hemp‐lime	composites,	this	study	has	identified	
no	clear	relation	between	median	length	of	particle	and	any	physical	properties.	Rather	
it	was	observed	that	uniformity	of	particle	sizes	has	a	beneficial	influence	on	the	
mechanical	properties,	independent	of	the	average	particle	size	and	may	account	for	
the	mixed	results	of	others.	This	may	have	an	implication	for	manufacturers	of	bio‐
aggregate	particles	and	the	development	of	more	engineered	products.			
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